We present a simple methodology for extending linear viscoelastic measurements of crystallizing polymers to the high-frequency regime, where usually crystallization kinetics represents an obstacle. The idea is to perform rapid quenches, below the melting temperature (which corresponds to the high-frequency region), account for the thermal equilibration and the very slow early stages of crystallization, and perform the measurements before really crystallization sets in, in the "quasi-equilibrium" state. Albeit tedious, when properly done, this method works remarkably well, as demonstrated for a particular polybutadiene mixture, and opens the route for obtaining rheological master curves in a wide variety of crystallizing polymers.
INTRODUCTION
The anionic synthesis of polybutadiene with alkyl lithium, which is used for controlling the polymerization process, yields a mixture of two microstructures, the 1,4-addition (that contains roughly equal amounts of cis and trans units) and smaller amounts of 1,2-addition (typically amounting to 5 -12 %, as measured by NMR) [1 -3] . The two microstructures possess clearly different glass transition temperatures (typically, from -101 to -91˚C for 1,4-and from -12 to 0.5˚C for 1,2-addition, depending on molecular weight) [4 -8] .
As reported by Colby et al. [9] , low-molecular weight polybutadiene samples exhibiting significant amounts of 1,2-microstructure crystallize below -26˚C, and the respective rheological measurements are restricted to the terminal region. Consequently, the full viscoelastic spectrum of polybutadiene blends containing significant amounts of low-molecular weight linear polybutadienes (in the amorphous phase, extending to high frequencies or low temperatures below the melting point) is not readily obtainable.
In this work we report on a simple, yet delicate strategy to access low temperatures while remaining in the amorphous state and thus obtain the complete frequency spectrum of the crystallizable samples.
MATERIALS AND EXPERIMENTS
A mixture of high-molecular weight (long) linear polybutadienes and very low molecular weight (short) linear polybutadienes was investigated. This represents an athermal solution [10] of the long chains to the like solvent, the latter being the short chains with higher amount of 1,2-addition [9] . The short polybutadiene sample, 4K-PBd, was provided by Polymer Source, Canada; based on the characterization, it is a fairly monodisperse sample with approximately 10 % 1,2-addition. The long polybutadiene sample, 165k-PBd, was provided by J. Roovers, and contained less than 8 % 1,2-addition [11] . Table 1 lists the characteristics of these materials. The samples were stored in deep freezer (-20˚C) to avoid degradation. Before use, they were put overnight in vacuum oven to remove any trace of moisture. Mixtures were dissolved in a solvent, THF, and then put in vacuum oven to dry at room temperature for a period ranging from 4 days to 1 week, depending on the sample concentration. Also, in order to avoid degradation, a very small amount (~ 0.1 %) of antioxidant (2,6-Di-tetrbutyl-p-cresol), was added during preparation. We prepared mixtures of 165k-PBd with 4k-PBd in various concentrations.
The rheological measurements were conducted on a Rheometrics Scientific strain con-trolled rheometer (ARES 2KFRTN1) in the parallel plate geometry with a temperature control of 0.1∞C (achieved via an air/nitrogen convection oven and a liquid nitrogen Dewar), under nitrogen environment to reduce the risk of degradation (testing the reproducibility of the measurements has served as the check of sample condition). The specimens were loaded between parallel plates of diameter 8 mm and 1.5 -2 mm thickness. Dynamic rheological measurements were carried out in the temperature range -90 to 20˚C at strains within the linear viscoelastic regime.
A Differential Scanning Calorimeter from Polymer Laboratories (PL-DSC), was used to measure the glass transition temperatures of the samples and served as an independent method for determining the crystallization effect due to the short polybutadienes, as discussed below.
RESULTS AND DISCUSSION
As discussed by Colby et al. [9] , for short polybutadiene chains, crystallization begins below the melting temperature T m ≈ -26∞C. When we quenched the sample for a sufficient amount of time at a low temperature T < T m , DSC heating scans revealed an endothermic process, a signature of crystal melting (inset of Fig. 1 ). We observed that, the longer we held the sample at such low temperatures, the deeper the endothermic peak was, which translated to enhanced crystallinity. For the rheological measurements, we quenched fast (at a rate of 30∞C/min) the samples to the desired low temperature, and probed the time- dependent viscoelastic moduli. After the initial temperature equilibration stage of the moduli (corresponding to their early decrease in Figs. 1 -4) , we observed a quasi-equilibrium region (indicated by a constant modulus G 0 , in Fig. 1 ) before they increased monotonically until they reached a final steady state at long times (indicated as G ∞ in Fig. 1 ). As the rheological data reflected the crystallinity (concentration, size, shape and orientation of crystallites), they were analogous to the DSC curves; this is demonstrated in Fig. 1 .
Apart for the shear effects, the crystallization kinetics depend on the molecular weight, the microstructure and the percentage of the crystallizing chains in the mixture [12 -14] . As shown in Fig. 2 , the crystallization process (as evidenced by the enhancement of the storage modulus G') was clearly delayed (i.e. longer steady state time regime) by the presence of even a tiny fraction (3 %) of long non-crystallisable polybutadiene chains; however, it was not eliminated. In addition to the rheological evidence, the quenched samples became progressively opaque after long times, signifying the creation of largescale heterogeneities.
Therefore, it appears possible to perform reliable rheological measurements at temperatures below T m during the short time interval after the initial temperature equilibration and before crystallization kinetics sets in; during this period, the samples are under quasi-equilibrium conditions. The exact duration of this period for any given sample can be determined by careful rheological measurements, as illustrated here, and depends largely on the quenching temperature. The overall procedure can be tedious, as it is required for each sample, and some additional experimental support (e.g. DSC) is necessary. However, the acquired linear viscoelastic data (in the virtually amorphous metastable state) are quite accurate. A crucial task in this process is choosing the most convenient test temperatures to conduct the experiments. To do so, one needs accurate information on the evolution of the viscoelastic moduli.
The time-dependent rheological measurements reveal the kinetics of crystallization. Indeed, Fig. 3 depicts the initial stages of time scans, for a 3 % wt 165k-PBd mixture, at different chosen quench temperatures. It can be observed that there is a maximum rate of crystallization at intermediate temperatures; at low temperatures crystallization is hindered by the reduced chain mobility (diffusion controlled process), whereas at high temperatures it is limited by the nucleation and growth process. The allowable time and temperature window for quasi-equilibrium (steady state) rheological measurements can be determined from the dynamic time sweeps at different frequencies and at the specific temperature, as described above. The analysis of these data yields a working 'process diagram' indicating the accessible time window for quasi-equilibrium experiments, shown in Fig. 4 . It is obvious from this figure, that close to the glass (lower end) or crystallization (higher end) temperatures, the quasi-equilibrium time interval is much longer. Also, the operating window becomes larger as the fraction of high-molecular weight polymer increases.
It should be noted that this method is similar in spirit to the inverse quenching technique [15] , recently proposed for the rheological studies of the early stages of crystallization. In that case, the viscoelastic properties of semi-crystalline polymers, were measured at temperatures below but close to T m , after a prolonged deep quench to a much lower temperature, followed by heating to the test temperature; this resulted in a frozen degree of crystallinity, whose effects on the rheology were subsequently explored.
The feasibility and accuracy of this procedure are confirmed by the successful application of the time-Temperature Superposition principle in these crystallizing samples. Indeed, Fig tures). The same method has been successfully applied in mixtures with branched polybutadiene molecules [16] .
CONCLUSIONS
We proposed a method to measure reliably the linear rheology of crystallizing samples, in the amorphous metastable state, below their crystallization temperature. It is based on the determination of the time window for accurate 'quasiequilibrium' rheological measurements. Using this methodology, we successfully applied the time-Temperature Superposition principle in order to obtain the complete frequency spectrum of various polybutadiene polymers dissolved in low molecular weight crystallisable polybutadienes.
